Photoelectron circular dichroism (PECD) is a chiroptical effect which was theoretically predicted in the 1970's 1 . Unlike most chiroptical phenomena, which rely on magnetic dipole or electric quadrupole effects, PECD can be fully described within the framework of the electric dipole approximation. As a consequence, PECD is several orders of magnitude larger than conventional chiroptical effects, which are in general extremely weak and thus difficult to use for studies in gas-phase samples. The first experimental observation of PECD from an ensemble of randomly oriented chiral molecules was performed in 2001, using Vacuum Ultra Violet (VUV) synchrotron radiation 2 . Since then, many studies relying on single photon ionization have been conducted, showing that PECD is a powerful probe of molecular chirality (for a review see 3 ), sensitive to electronic structure 4 , vibrational excitation 5, 6 , molecular conformation 7-9 , structural isomerism 10, 11 , clustering 12 as well as chemical substitution 13, 14 .
Lately, it was also demonstrated that single photon PECD experiments could be performed using table-top femtosecond elliptically polarized VUV sources from resonant high-order harmonic generation 15 .
Recently, a whole new field of PECD studies emerged, relying on the use of UV, visible or IR table-top femtosecond laser sources. In two pioneering experiments, circularly polarized femtosecond UV pulses were used to photoionize enantiopure chiral molecules in a [2+1]
Resonant Enhanced Multiphoton Ionisation (REMPI) scheme, and led to the observation of large PECDs, in the 10% range 16, 17 . These results were interpreted as a sequential mechanism, where resonant two-photon transition brings the molecules into low-lying Rydberg states and the third photon subsequently photoionizes the system. Importantly, REMPI-PECD was shown to be highly sensitive to isomerism 16 and vibrational excitation 18, 19 . PECD was also observed in other ionization regimes: low order 20 and high order 19 above-threshold ionization, and even in the tunnel ionization regime 19 . PECD is thus a universal effect, which is inherent to the photoionization of chiral molecules with circularly polarized light, in all ionization regimes. Very recently, PECD was extended to ultrafast dynamical studies of photoexcited chiral molecules by femtosecond time-resolved PECD measurements, which established the high sensitivity of this observable to subtle molecular dynamics 21, 22 .
A self-referenced attosecond photoelectron interferometry has also allowed measuring the temporal profile of the forward and backward electron wavepackets emitted upon photoionization of camphor by circularly polarized laser pulses to investigate the enantiosensitivity of photoionization time delays 23 .
2 REMPI-PECD is of particular importance because it produces very strong signals that can be used to probe molecular dynamics or to quantitatively determine enantiomeric excesses with high accuracy [24] [25] [26] In the past, we have conducted single-color PECD measurements using either the 400 nm reflected or the 800 nm transmitted beam, and found a very good mirroring between opposite enantiomers. This indicates that the influence of the non-zero incidence on the mirrors is negligible. The pulses were recombined by a dichroic mirror and were focused by using a 1000 mm focal lens into a velocity map imaging spectrometer. ion images. In our experimental conditions we expect the first two conformers of limonene to be present 31 . These conformers only differ by a few kJ/mol and are not distinguished in PES and PECD measurements in one-photon ionization close to the threshold (< 10 eV) 6 .
In all experiments, the photoelectrons were imaged by an electrostatic lens onto a set of two micro-channel plates (MCP) coupled to a phosphor screen (P43), and recorded by a cooled 12 bit CCD camera. The PECD was measured by recording the photoelectron spectra with left (LCP, p = +1) and right (RCP, p = −1) circularly polarized laser pulses.
In order to remove the influence of slow drifts in the experiments, the polarization state was switched every 10 seconds. Typically, ∼3x10 5 laser shots for the one color experiment and ∼1x10 6 for the two color experiment were accumulated to obtain the LCP or RCP images.
Measurements using different polarization states were conducted at constant pulse energies.
In two-color measurements, the pulse energies were kept low enough to observe ionization only when the two pulses were time-overlapped. We present data recorded only on the enantiomer (+)-R-limonene that has been purchased from Sigma-Aldrich with a purity of 97 % and an enantiomeric excess at 98 %.
The velocity map imaging spectrometer collects the two-dimensional projections of three-5 dimensional photoelectron angular distributions (PAD). The PAD S p (E, θ) resulting from the photoabsorption of N circularly polarized photons can be decomposed as a sum of 2N
, where p = ±1 is the helicity of the ionizing photons, E is the photoelectron energy and θ its ejection angle with respect to the light propagation axis. The even coefficients b
, and the odd coefficients b
. We retrieve the even and odd coefficients by fitting respectively the sum (which is left-right and up-down symmetrized) and difference (which is left-right anti-symmetrized and up-down symmetrized) of the images recorded with two helicities, using pBasex 32 (see Fig. 1 ). For quantitative analysis we rely on angle-integrated data, namely the angle-averaged photoelectron spectrum P ES = b 0 (E) and the multiphoton PECD, which is defined as M P P ECD = (2b
and which is equal to twice the relative difference between the number of electrons emitted in the forward and backward hemispheres for the left helicity 17 . Note that the images recorded by the CCD camera are binned (2x2) before being processed by pBasex. This does not affect the spectral resolution of our measurements, which is imposed by the velocity map imaging rather than by the discrete acquisition. We estimate this resolution to 50 meV at 100 meV, while our energy sampling after binning is 10 meV in that range, and reaches 40 meV at 1 eV.
We start by investigating the one-color (calculated electronic energy: 6.20 eV) and 3p(2π) −1 (calculated electronic energy: 6.24 eV) 33 . These calculations are all in good agreement with the CD and UV absorption spectra.
In the work presented here, the [2+1], [1+1'] and [2+2'] ionization schemes all lead to a total energy of 9.3-9.4 eV transfer to the system, and thus can be compared to PECD recorded from a totally isotropic sample as one obtained by one-photon VUV ionization around ∼ 9.5 eV 6,18 . Figure 2 shows the HOMO (2π) and HOMO-1 (1π) orbitals of (+)-limonene and the one-photon transition dipole moments from the ground electronic state to their two first accessible Rydberg states (3s and 3p) by creating a 2π and 1π hole in the ion core respectively.
The calculations were done using the down-I conformer which is the most abundant at room temperature as well as at several Kelvins 34 . All ab-initio calculations were performed using the GAMESS-US software 35 . First, the ground state geometry was optimized using density reached by two-photon absorption. This is consistent with our calculation (see Fig. 2 ). The assignment of the second peak, centered around 0.3 eV, is more challenging. Based on energetic consideration, this peak can come either from the production of a vibrationally excited ground state cation (2π −1 (ν = 3)) or by the production of a cation in its first vibrational and electronic excited states (1π −1 (ν = 1)). Recently, a clever comparison between VUV (9.5 eV) and REMPI (3x392 nm) PES of limonene has allowed assigning this low-energy peak to the formation of the electronically excited cationic state 18 . The associated two-photon resonance is the 3s(1π) −1 (ν = 1) state.
We now focus on the PECD of (+)-limonene in the one-color [2+1] photoionization (Fig. 4(a) ). It shows a complicated angular and energy dependence.
We interpret this as the result of the large number of Rydberg states that can be populated distributions of their PECD. As a result, the total PECD, which is the sum of the PECD from different excited states, is weak and strongly modulated.
In order to investigate the influence of the photoexcitation pathway in REMPI-PECD, we first replace the two-photon excitation by a single (199 nm) photon excitation, while driving the bound-continuum transition with a single (402 nm) photon.
For the low energy peak, the PECD has the same sign and angular dependency as in the The number of photons involved in the photoexcitation and photoionization transitions is not the only degree of freedom in our experiment. We can further decouple the role of boundbound and bound-continuum transitions by changing the relative polarization state of the pulses. Indeed, the calculations from Goetz et al. 29 recently demonstrated that driving the bound-bound transition with linearly polarized photons (p = 0) followed by photoionization with a circularly polarized photon (p = ±1) should be sufficient to observe PECD in chiral molecules. Contrariwise, they also showed that circular bound-bound excitation of a single state followed by linear photoionization should lead to a fully symmetric PAD with respect to the laser propagation axis (i.e. no PECD).
The simultaneous use of linearly and circularly polarized radiation breaks the cylindrical symmetry which is necessary to retrieve the photoelectron angular distribution from its projection on the velocity map imaging spectrometer by Legendre polynomials decomposition.
Additional terms appear in the decomposition, which cannot be unequivocally determined PECD we would need to directly resolve the 3D photoelectron distribution using another type of detector 41 , or to perform a tomographic reconstruction by recording projections of the PAD for different polarization directions of the linearly polarized pulses 42 . Nevertheless, we still decompose the projected images into Legendre polynomials to extract approximate distributionsb i , P ES and P ECD. They may slightly differ from the actual 3D distributions, but these differences should not affect the conclusions drawn below, which are based on the overall shape of the distributions and on forward/backward integrated signals. The importance of the photoexcitation helicity relative to the ionization step in PECD can be determined by comparing the PECD obtained from molecules photoexcited by left and right photons ( Fig. 5(d,e,f) ). We drive the bound-bound transition with a given circular polarization of the 199 nm pulse (p = +1 in (d) and p = −1 in (e)) and ionize alternatively with p = +1 and p = −1 circularly polarized 402 nm pulse in order to measure the difference between the PAD driven with co-rotating and counter-rotating two-color fields. Both cases lead to very similar PADs and PECDs. This observation strengthens the conclusion that the main role of the bound-bound transition is to photoselect some given molecular orientations (an axis for p = 0, or a plane for p = ±1).
A synthetic view of the different cases studied is given in Table I , which provides the values of the odd Legendre coefficients associated to the dominant ionization channels. These 15 coefficients are normalized by the PES to enable direct quantitative comparison.
In conclusion, we have studied the role of resonances in the multiphoton PECD of limonene. Using two-color fields in a fully tunable polarization scheme, we were able to disentangle the role of bound-bound and bound-continuum transitions. We have demonstrated experimentally that the bound-bound transitions do not need to be driven by circular photons in order to observe PECD, as recently theoretically predicted 29 . The helicity of the pulse that drives the bound-bound transitions hardly modifies the measured PECD.
However circular and linear photoexciting photons still lead to different PECDs, because of the angular dependence of the excitation process which induces different anisotropies. These results illustrate the importance of molecular alignment in PECD experiments, and call for the systematic investigation of PECD in aligned molecules, through electron-ion coincidence imaging 40 or using laser-induced molecular alignment 44, 45 .
